The Death Domain Fold superfamily of evolutionarily conserved protein-protein interaction domains consists of 4 subfamilies: the death domain, the death effector domain, the caspase recruitment domain, and the PYRIN domain. Interaction of Death Domain Fold containing proteins modulates the activity of several downstream effectors, such as caspases and transcription factors. Recent studies provide evidence for not only homotypic-, but also heterotypic interactions among different sub-families, and even unconventional non-death domain fold interactions. As the number of potential protein associations among Death Domain Fold containing proteins expands and their influence on cellular responses increases, a challenging field for new investigations opens up. This review will focus on PYRIN domain-containing proteins and discuss the recent advances that provide strong evidence that PYRIN domain-mediated signal transduction has broad implications on cellular functions, including innate immunity, inflammation, differentiation, apoptosis, and cancer.
PYRIN domain (PYD), pyrin, absent-in-melanoma, ASC and DD-like (PAAD), and domain in apoptosis and interferon response (DAPIN) [14] [15] [16] [17] [18] . At least 23 human proteins have been identified that contain a PYD. Table (1) and Fig.  (1A) : PYD-containing proteins can be divided into at least 4 groups of proteins: Table (1A): The most prominent members are potential PYD-containing intracellular pathogen recognition receptors (PRRs), known as PAN, NALP, PYPAF, Nod, Caterpiller and NLR proteins [19] [20] [21] [22] [23] [24] . These proteins recognize pathogen associated molecular patterns (PAMPs). Which are products of the microbial metabolism that are conserved, essential, and unique to pathogens [25] . PAN-family proteins are composed of an N-terminal PYD, a central nucleotide binding NACHT domain, followed by a variable number of leucine rich regions (LRRs). 16 family members have been identified in the human genome. NAC (CARD7, DEFCAP, NALP1, CLR17.1) is one of only two human proteins that combine a PYD (N-terminal) and a CARD (C-terminal). Table (1B) : ASC, the apoptotic speck-like protein containing a CARD (TMS1, CARD5, PYCARD), also known as target of methylation induced silencing (TMS1), is a 22 kDa protein which encodes an N-terminal PYD followed by a short linker region and a C-terminal CARD [26, 27] . Table (1C) : This group consists of pyrin (marenostrin) and the cellular PYD-only proteins (cPOPs) cPOP1 and cPOP2 (Stehlik, C, unpublished) [28] . Pyrin, the founding member of the PYD protein family, is a protein of approximately 87 kDa, consisting of an N-terminal PYD, a central B-box zinc finger, followed by a PRY/SPRY (B30.1) domain. Two nuclear localization signals are encoded between the B-box and the PRY/SPRY region. Pyrin was initially predicted to function as a nuclear transcription factor of the RoRet protein family, but now appears to function as a regulator of the PYD signaling pathway [29] [30] [31] [32] . cPOP1 (ASC2, ASCI, ASCL) is highly homologous (64% identical, 88% similar) to the PYD of ASC, and localizes just 14 kbps downstream of the ASC gene on human chromosome 16p12.1, suggesting that the genes encoding cPOP1 and ASC originally arose by gene duplication [28] . cPOP1 prevents binding of the PYD-containing adaptor protein ASC to PAN-family proteins, thereby blocking signal transduction [28] . A similar mechanism of regulation of signal transduction is found for some other DDFs, such as the CARD and the DED. DDF-only proteins include the CARD-only proteins Iceberg, COP (Pseudo-ICE), and INCA, or the DEDonly proteins PEA-15 (PED), c-FLIP-s, and v-FLIP [33] [34] [35] [36] [37] [38] . These DDF-only proteins usually function as endogenous dominant negative proteins that block specific DDF interactions.
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Table (1D): The hematopoietic interferon-inducible nuclear proteins with the 200-amino-acid repeat proteins form a distinct family [39] . Besides the presence of a PYD, these proteins are characterized by one or two copies of a 200 amino acid residue signature domain, termed domain A and B. [40, 41] . Members include human MNDA, AIM2, and several splice variants of IFI16 and IFIX, which are all encoded on chromosome 1q21-23, suggesting that these genes originally arose by gene duplication [40] [41] [42] .
CARDs and DEDs are found in the pro-domain of caspases and mediate oligomerization and recruitment of adaptor proteins. Humans do not encode a caspase zymogen containing a PYD, whereas a PYD-containing pro-apoptotic caspase (caspase-15) is encoded in other mammalian species [43] . Zebrafish encodes two PYD-containing caspases, zCaspy1 and zCaspy2, supporting once more the close resemblance of the PYD with other DDFs [44] .
PAN-family proteins are detected mainly in two clusters in the human genome, suggesting that these proteins evolved by gene duplication. One PAN-family protein cluster exists on the short arm on chromosome 11, whereas a second cluster localizes to the long arm on chromosome 19. The adaptor proteins ASC and pyrin, as well as the ASC inhibitor cPOP1, are clustered on chromosome 16 , and HIN-200 members are found in close proximity on the long arm on chromosome 1.
SIGNAL TRANSDUCTION MEDIATED BY PYRIN DOMAIN INTERACTIONS
PYD-PYD interaction-dependent signaling is linked to inflammation, immunity, differentiation, apoptosis and cancer. The first indications on the potential function of the PYD came from studies of PAN-related proteins. PANfamily proteins contain an N-terminal PYD, a central nucleotide binding NACHT domain, a NACHT-associated domain (NAD), followed by a varying number of LRRs. Fig. (1A) . The C-terminal LRRs have been found in some PAN and PAN-related proteins to function as the ligand-binding domain, and are responsible for activating these proteins. The PYD is considered the effector domain, which recruits adaptor proteins and downstream effectors upon activation of PAN-family proteins. The NACHT domain is an NB-ARCrelated predicted nucleoside triphosphatase (NTPase) domain, which consists of seven distinct motifs [45] . It is hypothesized that this domain mediates oligomerization of PAN-family proteins upon NTP binding and hydrolysis, and this domain is followed by the NAD, a domain of unknown function.
PAN-Related Proteins in Inflammation and Immunity
A number of structurally related proteins are wellestablished effectors of the host immune response to pathogens and mediators of apoptosis. Fig. (1B) and Table (2) . PAN-family proteins closely resemble the CARD containing proteins Nod1 (CARD4), Nod2 (CARD15), CLAN (IPAF, CARD12), APAF-1, the CARD and activation domain containing CIITA, the BIR domain containing NAIP, and plant resistance (R) genes [19, 21, 23, 24, 46, 47] . Common to these proteins are the NACHT and LRR domain structure, but they differ in their N-terminal effector domains. APAF-1 was identified as a CED4-like protein that mediates cytochrome c/ATP-dependent activation of caspase-9 [48] . The WD repeats are involved in ligand (cytochrome c) binding, and deletion of this domain converts APAF-1 to a constitutively active caspase-9 activator [49] . Tables 1 and 2 . APAF-1 contains a NACHT-related nucleotide binding NB-ARC domain and WD-repeats, which is also involved in ligand binding, similar to LRRs.
The neuronal apoptosis inhibitory protein (NAIP) was identified in a functional screen for genes that are involved in spinal muscular atrophy. The encoded protein causes inappropriate motor neuron apoptosis, and its expression further correlates with disease severity [50, 51] . One function attributed to NAIP is its potential to inhibit apoptotic caspases via the BIR domains. NAIP association with, and inhibition of caspase-9 is dependent on ATP binding [52] . Of note is that recent evidence also connects NAIP to host defense. The NAIP-encoding genomic locus mediates resistance of inbred mice-derived macrophages to infection by Legionella pneumophila [53] .
Bare lymphocyte syndrome type II is a hereditary MHC class II deficiency, and the class II transactivator (CIITA) is capable of restoring expression of MHC class II genes [54] . The transactivation potential depends on the binding and hydrolysis of GTP, and CIITA functions as a scaffold for several transcription factors that modulate MHC class II gene expression [55, 56] . The dendritic cell-specific CIITA gene also encodes a CARD, which enhances the transactivation potential of CIITA [57] . A polymorphism in one of the CIITA promoters, which results in a decreased expression of CIITA, was recently linked to susceptibility to several inflammatory disorders, including rheumatoid arthritis, multiple sclerosis and myocardial infarction [58] .
The LRRs of the Toll like receptors (TLRs), a family of at least 11 conserved type I transmembrane receptors, function as PRRs that sense a number of different microbial PAMPs. Signal transduction occurs via their TIR (Toll/IL-1 receptor) domain [59, 60] . Plant disease resistance (R) genes also encode proteins with a related structure, and about 150 R genes are encoded in Arabidopsis thaliana. These proteins encode either a coiled coil (CC), or TIR effector domain, which is required to initiate the hypersensitive response, a form of cell death following PAMP recognition. This response supports the innate basal defense to prevent pathogen spread [47] .
Nod1 and Nod2 function as PRRs that recognize proteoglycan (PGN), and both initiate similar downstream effector pathways. Nod1 and Nod2 recruit the CARD containing adaptor protein Cardiak (Rip2, Rick), but not ASC [61] . Nod1 recognizes bacterial diaminopimelate-containing Nacetylglucosamine-N-acetylmuramic acid (GlcNAc-MurNAc) tripeptide, which is unique to Gram-negative bacteria [62, 63] . Nod2 is characterized by the presence of two Nterminal CARDs, and recognizes muramyl dipeptide, (MDP) a moiety found in PGN from both Gram-negative and Grampositive bacteria [64] [65] [66] . Evidence for an anti-bacterial function of the LRRs of Nod2 came from a recent study, where Nod2 expressing intestinal epithelial cells showed a smaller number of viable Salmonella typhimurium by invasion assay, when compared to control cells [67] . However, a common Crohn's disease associated Nod2 mutation (3020insC), which causes truncation of the LRR domain, had no effect [67] . In addition, Nod2 was also reported to negatively regulate inflammation and immunity by supporting antiinflammatory signals in response to the TLR2 activated T H 1 response [68, 69] . Mutations associated with Crohn's disease prevent the anti-inflammatory response mediated by the cytokines IL-10 and TGF , which might explain the excessive inflammatory response of these patients [68, 69] .
CLAN functions as a direct activator of pro-caspase-1 in response to several PAMPs, including PGN, LTA and LPS [70] [71] [72] . Similarly to Nod2, CLAN expression also protects against viable Salmonella enteritidis and S. typhimurium by invasion assay in a caspase-independent manner, and induces caspase-1-independent apoptosis in response to Salmonella infection [70] [71] [72] Fig. (1B) .
PYRIN Domain Containing Proteins in Inflammation and Immunity
Activation of PAN-family proteins requires the leucinerich region-dependent recognition of intracellular pathogens, which leads to an association with, and oligomerization of, the central PYD-containing adaptor protein ASC. This oligomerization is required for the formation of inflammasomes, which mediate activation of the pro-inflammatory caspases-1 and -5. ASC is the only identified adaptor protein, and is recruited to inflammasomes by PYD-PYD interaction. ASC then links pathogen recognition to the activation of downstream effectors of the innate immune response, which include activation of caspase-1-mediated processing of bioactive IL-1 IL-18 and probably IL-33, and activation of the transcription factor NF-B. ASC -/-mice are defective in caspase-1 activation and the subsequent maturation of IL-1 and IL-18 in response to Gram negative and Gram positive pathogens, and are resistant to endotoxic shock [71, [73] [74] [75] [76] . These results suggest that ASC is recruited to inflammasomes that are activated by PAMPs derived from Gram negative and Gram-positive pathogens. Recent progress has been made in defining the ligands recognized by PANfamily proteins. The NAC-containing inflammasome assem- bles and mediates activation of pro-caspase-1 and procaspase-5 in response to PGN, indicating that NAC might participate in PGN recognition [9, 77] . Pro-caspase-5 is directly recruited by the CARD of NAC, whereas pro-caspase-1 is recruited to the inflammasome via ASC, and both caspases are necessary to fully initiate IL-1 processing and secretion [9] . A similar observation has been made previously for murine caspase-1 and caspase-11 (the caspase-5 orthologue), which can form hetero-oligomers that are required for IL-1 and IL-18 processing and secretion [78] [79] [80] [81] .
Cryopyrin (CIAS-1, NALP-3, PYPAF-1) and PAN1 (PYPAF2, NALP2, NBS1, CLR19.9) also form inflammasomes upon recruitment of ASC and TUCAN (CARD8, Cardinal, NDPP1, KIAA0955), which results in the activation of pro-caspase-1, but not pro-caspase-5 [82] . The Ligand for PAN 1 is still elusive, but several ligands have been identified that are recognized by cryopyrin [73, 75, 83, 84] . Macrophages from cryopyrin -/-mice are deficient in the recognition of gout associated monosodium urate (MSU) or calcium pyrophosphate dihydrate (CPPD) crystals [84] , bacterial RNA, CpG DNA, and the imidazoquinoline compounds R837 and R848 [73, 83] , as well as LPS, Pam3CSK4, HKLM, PGN, and LTA in the presence of ATP [73, 75] . In contrast to macrophages from ASC -/-mice, macrophages from cryopyrin -/-mice show impaired caspase-1 activation only in response to infection by Gram positive bacteria [73, 74] .
Besides activation of inflammatory caspases, PANfamily proteins are also indicated in the regulation of the pro-inflammatory transcription factor NF-B. However, this
has not yet been confirmed in vivo. Activation of this pathway depends upon recruitment of ASC to the inflammasome, which then bridges to the NF-B activating I B kinase (IKK) complex, and expression of dominant negative IKK (IKK2), or IKK (Nemo, FIP3) abolishes activation of NF-B by PAN-family proteins [5, 85, 86] . However, the exact pathway leading from ASC to the IKK complex is still elusive, but might include caspase-8 [87] .
Several PYD containing proteins, including ASC, cPOP1, PAN1, PAN2, and cryopyrin, have also been shown to block activation of NF-B, which is mediated by the PYD [28, [88] [89] [90] [91] . The NF-B inhibitory role of PYDs has also been mapped to the IKK complex, suggesting that the PYD is capable of either activating or blocking the IKK complex. The effect of the PYD on the IKK complex, and subsequently on NF-B activation, might be cell type-specific and might depend on which signals initiate activation of NF-B. It appears that in situations, where NF-B is activated by pro-inflammatory mediators, PYDs are able to block activation, whereas when signals are initiated by PAN-family proteins, PYDs mediate activation of NF-B [22, 89, 91] . This observation is reminiscent of Nod2, which can activate NF-B in response to MDP, but blocks NF-B activating signals originating from TLR2 [68, 69] .
PAN-family proteins together with ASC assemble inflammasomes, and several other PYD-containing proteins potentially function in the regulation of this complex. PAN1, PAN5, and the PYD-only protein cPOP1 function as inhibitors of PAN-family-induced activation of NF-B, most likely by competing with the recruitment of the essential adaptor ASC to activated PAN-family proteins [92, 93] . This mechanism enables cells to fine-tune their responses. Expression of most PYD proteins is regulated by inflammatory or apoptotic mediators, and a well-balanced expression of these proteins appear to be critical to determine the cellular response.
Pyrin was first linked to the inflammatory response by the initial observation that it is expressed as a proinflammatory immediate-early response gene in monocytes in response to interferon (IFN) , IFN , TNF , and LPS, but expression is suppressed by the anti-inflammatory cytokines IL-4, IL-10, and TGF [94] . However, a contradictory analysis of pyrin expression in primary mouse macrophages identified pyrin as a protein induced in an NF-B-dependent manner primarily by anti-inflammatory cytokines, and this finding is more consistent with its proposed function as a negative regulator of PYD signaling pathways [32, 95] . Furthermore, macrophages from pyrin -/-mice display increased caspase-1 activity and IL-1 secretion, and are more susceptible to septic shock [32, 95] . The adaptor ASC is also inducibly expressed in monocytes, macrophages and neutrophils in response to pro-inflammatory stimuli, and ASC -/-mice show impaired responses to experimental-induced septic shock [71, 76, 96, 97] . Inducible expression in response to inflammatory stimulation of cells was also observed for the PAN-family proteins cryopyrin, PAN1, PAN6, and PAN7 [90] [91] [92] 98] . Viral (v) homologs of the cellular PYD-only protein cPOP1 are encoded by several poxvirus strains, including the myxoma virus (MV, M013L), the Shope fibroma virus (SFV, gp013L), the swinepox virus (SPV, SPV14L), the Yaba-like disease virus (YLDV, 18L), and the Mule deer poxvirus (DpV, DPV83gp024) [18, 99, 100] . cPOP1 controls recruitment of the essential adapter ASC to PAN-family proteins, but also directly blocks IKK activation, and represents an endogenous dominant negative regulator [28, 101] . Poxviruses are known to hijack cellular proteins that are linked to inflammation, immunity and apoptosis, for immune evasive strategies [102] . The observations that poxviruses encode immune evasive proteins that target the PYD-signal transduction pathway, implies that viral PAMPs likely function as ligands for some PAN-family proteins, and emphasize the importance of the PYD signal transduction pathway for host defense.
Taken together, these findings suggest that PAMPs that are recognized by TLRs can also activate PAN-family proteins. However, activation of TLRs results in recruitment of TIR-containing adaptor proteins that link preferentially to the activation of MAPK and NF-B, whereas PAN-family proteins recruit the adaptor protein ASC, which result mainly in activation of inflammatory pro-caspases-1 and -5, and PAMP recognition by both systems is required to mount an efficient immune response [73, 75] .
TUCAN, An Inflammasome-Associated Protein
TUCAN contains a FIIND and CARD domain that resembles the C-terminal region of NAC, and is a component of some inflammasomes. ASC is recruited to inflammasomes by PYD-PYD interaction, whereas TUCAN associates with the NACHT domain of NAC, PAN1, and cryopyrin. Re-cruitment of TUCAN to NAC is not mediated via FIIND-FIIND or CARD-CARD association, as one would expect. However, this may enable the recruitment of TUCAN to inflammasomes containing cryopyrin, PAN1, and perhaps other PAN-family proteins, which do not encode these domains. In fact, the CARD of TUCAN cannot functionally compensate for the lack of the CARD in most of the PANfamily proteins Fig. (1A) . The CARD in NAC recruits procaspase-5, but inflammasomes that contain cryopyrin or PAN1, although they contain TUCAN, do not recruit and activate pro-caspase-5 [77, 82] . TUCAN appears to be dispensable for caspase-1 activation by the inflammasome, and has been reported to suppress activation of this caspase [82, 103] .
TUCAN associates with IKK and recruitment of TUCAN could provide a link of the inflammasome to the activation of NF-B [103, 104] . Although TUCAN has been reported to block activation of the IKK complex, and subsequently activation of NF-B, recruitment to the activated inflammasome might convert TUCAN from an inhibitor to an activator of NF-B, reminiscent of ASC, but no direct evidence yet supports this hypothesis. A similar effect on NF-B activation has been observed for DRAL, a TUCANassociated protein [105] . On the other hand, recruitment of TUCAN could also be a mechanism to fine-tune the activity of inflammasomes Fig. (2) . Because TUCAN can also bind the CARD of pro-caspase-9, it could potentially also link inflammasomes to the apoptotic machinery [103, 106, 107] .
The PYRIN Domain in Apoptosis
Many of the PAN-family-related proteins are also implicated in the regulation of apoptosis, including APAF-1, Nod1, Nod2, Clan, NAIP, CIITA, and R genes [48, 50, 70, [108] [109] [110] [111] [112] [113] [114] [115] . Also activated TLRs are capable of linking to the apoptotic machinery [116] . The PAN-family member NAC has initially been characterized as a pro-apoptotic protein that interacts with APAF-1 by CARD-CARD association, and is required for cytochrome c-dependent recruitment of pro-caspase-9 to the apoptosome [117] . Expression of NAC triggers caspase activation and subsequent initiation of apoptosis. This process can be abrogated by co-expressing either the CARD or the NACHT of NAC, while CARD-LRR represents a constitutively active apoptosis-inducing mutant [118] . NAC expression also induces cell death in cerebellar granule neurons, and was identified as a caspase-2 activator [118, 119] . These observations predict an interesting model, where PAN-family members are involved in several large protein complexes that are linked to the activation of CARDcontaining caspase zymogens. These include the caspase-1 and caspase-5 activating inflammasomes, the caspase-2 activating PIDDosome, and the caspase-9 activating apoptosome [8, 9, 11, 48, 108, 117, 118] . As a result activation of one Fig. 3 below) , which results in the recruitment of adapter proteins by PYRIN domain interaction. To date ASC is the only identified adapter protein that is recruited to these PAN-family protein complexes. Activated downstream effector pathways include NF-B, MHC class I gene expression, and caspases that are either linked to apoptosis or inflammation. Some PAN-family proteins also recruit TUCAN (CARD8, Cardinal, NDPP1, KIAA0955), a protein implicated in the negative regulation of NF-B, caspase-1, and caspase-9. However, it is feasible that in response to ligand-dependent PAN-family protein activation, TUCAN might be converted from an inhibitor to an activator of these pathways. Alternatively, TUCAN might provide a mechanism to fine-tune responses elicited by activated PAN-family proteins. protein could result in the initiation of an inflammatory response, and if sustained, even provide a mechanism to directly eliminate infected cells. Whether other PAN-family members are also able to modulate inflammatory and apoptotic signals will need further investigation, but initial evidence suggests that cryopyrin is also involved in apoptosis [120] .
ASC, the other essential component of the inflammasome, has also been implicated in regulation of apoptosis by interfering with either proteins that are crucial for activation of caspases, or directly with caspase zymogens. Caspase-1 is linked to apoptosis by activating effector caspase zymogens, preferentially under pathological conditions [121] . Therefore, ASC also contributes to caspase-1-mediated apoptosis in activated macrophages, and macrophages from ASC -/-mice display impaired caspase-1-mediated apoptosis in response to Salmonella typhimurium infection [71, [122] [123] [124] [125] [126] . The activation of pro-caspase-1 by ASC in mammals is dependent on the CARD. In Danio rerio (zebrafish), zASC is also directly involved in the activation of zcaspy, a proapoptotic zebrafish caspase. Both, zcaspy and zcaspy2, encode a PYD in their prodomain, only zcaspy interacts with ASC, and activation is dependent on ASC-mediated oligomerization and speck recruitment [44] . Both caspases show distinct substrate specificity. Zcaspy shows highest activity towards YVAD (a caspase-1 substrate) and zcaspy2 towards WEHD (a caspase-5 substrate), which are also the closest human orthologues [44] .
ASC was originally identified as a pro-apoptotic, Triton X-100 insoluble protein in HL60 cells, and simultaneously as target of methylation-induced silencing (TMS1), and mediator of caspase-9-dependent apoptosis [26Conway, 2000 #795, 127]. In response to DNA-damaging anti-cancer drugtreatment of HL60 cells, ASC aggregates into specks, which are characteristic perinuclear protein aggregates. Furthermore, anti-sense-mediated knock-down of ASC expression impairs DNA-damage-induced apoptosis. ASC is inducibly expressed as a p53-response gene following DNA damage and p53 activation, and facilitates Bax translocation to mitochondrial membranes [4] . An unconventional, non DDFinteraction between the PYD of ASC and Bax is responsible and required for cytochrome c release, loss in membrane potential and activation of caspases-2, -3, and -9, suggesting that ASC represents an essential adaptor in the p53-mediated DNA damage response [4] . ASC, in collaboration with Clan, has also been implicated in the activation of pro-caspase-8, which requires a heterophilic interaction between the PYD of ASC and the DED of pro-caspase-8, an interaction that can be disrupted by pyrin [5] . ASC also associates with cryopyrin to induce apoptosis, and this complex formation can also be prevented by pyrin [120] . Pyrin prevents ASCinduced apoptosis by increasing the number of speckpositive cells, indicating that speck-formation does not predispose cells to undergo apoptosis [26, 128] . However, pyrin -/-macrophages are characterized by an impaired, rather than exaggerated apoptotic response, though the mechanism is still elusive. However, these are not pyrin null macrophages, and the pyrin gene was only disrupted. Therefore the observed effect could have resulted from a dominant negative effect of the PYD of pyrin, which is still expressed in these macrophages. The PYD could interfere with the interaction between ASC and caspase-8 or Bax [4, 5] . cPOP1 has also been implicated in the induction of apoptosis, which provides the most direct link between the PYD and apoptosis, because cPOP1 is only composed of a PYD [28, 129] .
Signaling by HIN-200 Proteins
HIN-200 proteins respond to interferons (IFNs) with an increase in expression [39] . These proteins are primarily nuclear proteins that are involved in transcriptional regulation of genes linked to cell cycle regulation, differentiation, tumorigenesis, and apoptosis, including NF-B, AP-1, p53, E2F-1/DP-1, E2F-4/DP-1, MyoD, YY1, UBF1 [40, 41] . HIN-200 proteins also bind to members of the retinoblastoma tumor suppressor, resulting in decrease of cell growth via reduced G 1 -S transition. Some family members oligomerize, and this association is dependent on their PYD [130, 131] . IFI16, which contains two HIN-200 repeats and its murine homologs p202 and p204, appear to be involved in the terminal differentiation of myeloid cells. Expression of IFI16 induces growth arrest, inhibits colony formation and is associated with senescence [132] . IFI16 associates with p53 and impairs the transcriptional activity and stability of p53 [133, 134] . IFI16 dimerizes via PYD association, and has the ability to bind to DNA and function as a transcriptional repressor [135] . Absent in melanoma 2 (AIM2) contains a single HIN-200 repeat, localizes primarily to the cytoplasm, and is involved in suppression of tumorigenicity in melanoma, by inhibiting cell proliferation and induction of apoptosis [136, 137] . This observation correlates with its downregulation in cancers [138, 139] . The most recently identified protein, IFIX, functions as a tumor suppressor in mammary epithelial cells by reducing cell proliferation and tumorigenicity in nude mice [42] . IFIX activates the cyclindependent kinase inhibitor p21 CIP1 , and is silenced in mammary tumors [42] . Expression of myeloid cell nuclear differentiation antigen (MNDA), which only contains one HIN-200 domain, and its murine homolog p205, is restricted to maturing myeloid cells and correlates with the differentiation status [140] . It stimulates the DNA binding activity of the transcription factor YY1, but also displays growth suppressive potential [141] . No direct evidence links the HIN-200 family members to inflammasomes or other innate immune responses.
THE PYRIN DOMAIN AND DISEASE
Hereditary Mutations of PYRIN Domain Containing Proteins and the Link to Autoinflammatory Disorders
The physiological importance of PYD signal transduction pathways is emphasized by the close link of hereditary mutations in several PYD-containing proteins to autoinflammatory disorders. Autoinflammatory syndromes are systemic disorders, which are characterized by unprovoked and selflimited inflammation in the absence of high titer autoantibodies or antigen-specific T-cells [142] . Hereditary mutations in PYD containing proteins cause periodic fever syndromes, a type of autoinflammatory disorders that is defined by self-resolving and recurrent attacks of generalized inflammatory reactions, though the clinical symptoms are not based on infections or autoimmune reactions [143] .
Hereditary mutations in the pyrin gene (marenostrin, MEFV) are linked to Familial Mediterranean Fever (FMF), a recessively inherited disease that was originally referred to as fever of unknown origin [144] . FMF is characterized by episodic fever peaks, which last up to three days and are usually followed by attack-free periods of several years. The FMF causing gene was mapped to the short arm of chromosome 16 and cloned in 1997 [30, 31] . More recently, pyrin was found to interact with the proline serine threonine phosphatase-interacting protein 1 (PSTPIP1), a cytoskeletal organizing protein, which when mutated, causes pyogenic arthritis, pyoderma gangrenosum, and acne (PAPA) syndrome [145, 146] . This observation identifies a common pathway as a cause for both disorders. Most FMF-associated mutations localize to the PRY/SPRY domain of pyrin, whose function is still elusive. Mutated PSTPIP1 shows increased association with pyrin, which correlates with the phosphorylation status of PSTPIP1. PBLs from PAPA patients secrete increased levels of IL-1 , suggesting that the enhanced interaction between mutated PSTPIP1 and pyrin prevents pyrin from properly regulating PYD signal transduction pathways [146] . It was suggested that pyrin-PSTPIP1 complexes might regulate inflammasome-cytoskeletal organization, eventually affecting activity of inflammasomes [147] .
Cryopyrin (cold-induced autoinflammatory syndrome 1, CIAS1) is another PYD-containing gene, with which hereditary mutations are linked to three distinct periodic fever syndromes: familial cold autoinflammatory syndrome (FCAS), which is also known as familial cold urticaria (FCU), Muckle-Wells syndrome (MWS), and chronic infantile neurologic cutaneous and articular syndrome (CINCA), also referred to as neonatal-onset multisystem inflammatory disease (NOMID) [148] [149] [150] [151] . Hereditary mutations in the PANrelated Nod2 gene are also linked to autoinflammatory disorders, including Crohn's disease, a form of inflammatory bowel disease (IBD) and Blau syndrome (BS) [152] [153] [154] .
The majority of mutations affect amino acid residues inside the NACHT domain of cryopyrin, resulting in a constitutively active protein, which spontaneously associates with ASC and initiates activation of downstream effectors [155] . This hyper-activity might explain the inflammatory component of these periodic fever syndromes. Mutations in pyrin that are associated with FMF, such as the common M694V mutation, might prevent pyrin from negatively regulating cryopyrin signaling, which also promotes aberrant inflammation in homozygous or compound heterozygous patients [30, 31] . BS-linked Nod2 mutations also affect residues in the NACHT domain, resulting in uncontrolled signaling, and perhaps association with the downstream adaptor Cardiak [154, 156] . In contrast, IBD-linked Nod2 mutations directly affect the LRRs, or residues close to the LRR domain, resulting in a defective response to muramyl dipeptide and impaired activation of downstream effectors [66, 152, 153, 157] . IBD patients suffer from inflammation, which might be caused by the impaired ability of Nod2 to sense infections and initiate secondary inflammatory responses.
A common mechanism of periodic fever syndromes appears to be aberrant activation of inflammatory effector pathways. This model is supported by the observation that disease-linked hereditary mutations in cryopyrin spontaneously associate with ASC and constitutively activate downstream pathways, without requirement for ligand recognition [82, 155] . Most hereditary mutations in PYD proteins affect activation of pro-caspase-1. Aberrant processing of pro-IL-1 appears to be the cause for many of these hereditary fever syndromes, though the cause of the periodic fever episodes is still unknown. Yet, this observation finally provided an efficient treatment for affected patients [158] . Application of a recombinant human IL-1 receptor antagonist, Kineret ® (Anakinra), which is widely administered in patients with rheumatoid arthritis, proved to also be successful in patients with periodic fever syndromes [146, [159] [160] [161] [162] [163] [164] [165] . Phase II clinical trials are underway to test the efficiency of a recombinant fusion protein that contains the extracellular chains of both IL-1 receptors, IL-1RI and IL-1RacP, to mediate highaffinity IL-1 binding (IL-1 Trap) in patients with autoinflammatory disorders [166, 167] .
A Model for PAN Activation in Immunity and Inflammation
Little is known about the mechanism by which PANfamily proteins recognize PAMPs to initiate inflammasome assembly and activation of downstream effectors. Activation of PAN-family proteins might occur reminiscent of APAF-1 [168] . In this model, the LRRs could function as an autoinhibitory domain similar to the WD40 repeats of APAF-1, where cytochrome c triggers a conformational change which results in exchange of the constitutively bound ADP for ATP. Hydrolysis of ATP induces another change in conformation that favors oligomerization and releases the CARD, which is required for recruitment of pro-caspase-9 [169] . Potential NTP-dependent oligomerization mediated by the NACHT domain of PAN-family proteins could require dislodging the LRRs from the NACHT domain in a liganddependent manner Fig. (3A) . Oligomerization might then provide a scaffold for the recruitment of other PYDcontaining proteins, such as ASC by PYD-PYD interaction to connect to downstream effectors. In an alternative mechanism, PAN-family proteins might function similarly to the monomeric R-gene product Rx of Solanaceae, in which the NB-ARC domain interacts simultaneously with the LRR and coiled coil (CC) domains [47, 170] Fig. (3B) . This model is supported by the observation that the LRRs of NAC and cryopyrin appear to keep the inflammasome inactive, because overexpression of NAC or cryopyrin lacking LRRs, but not full-length proteins, induce activation of effectors [9, 92, 155] . Also several other PAN-family proteins are more potent in activating effector pathways in the absence of their LRR domain [5, 86, 120] . Ligands might be directly recognized and bind to the LRRs, or indirectly release LRRmediated NACHT domain inhibition. Although LPS is not sensed by Nod1, but it has rather been the LPScontaminating PGN, a study of Nunez and colleagues demonstrated direct binding of [ 3 H]-labeled LPS (PGN?) to Nod1, providing first evidence for a potential direct interaction [171] . There is also evidence that at least some R proteins interact directly with PAMPs [172, 173] .
The recruitment of ASC to PAN-family proteins appears to be dependent on their prior activation by PAMPs. Common hereditary mutations in cryopyrin that are linked to autoinflammatory disorders, spontaneously associate with ASC and activate effector pathways, even in the absence of an inducing ligand, and TUCAN is also efficiently recruited to the active inflammasome [82, 155] . Direct interaction of TUCAN with the NACHT domain of these PAN-family proteins can be detected following deletion of either the LRR, the PYD, or both domains of PAN proteins [82] . Increasing evidence also supports NACHT domain-dependent oligomerization, because the NACHT of CLAN is capable of interacting with other NACHT domains, including domains from cryopyrin, NAC, PAN2, NAIP, Nod1, and Nod2 [174] . In addition, CLAN interacts with Nod2 following treatment of monocytes with PGN, suggesting that NACHT domains form signaling networks that modulate activation of NF-B and pro-caspase-1 [174] . Several lines of evidence suggest that PAN-family proteins are recruited to high molecular weight complexes that might support activation according to model A. However, NTP binding and hydrolysis by PANfamily proteins has not yet been demonstrated.
In agreement with the observation that deletion of the LRRs from PAN-family proteins renders them constitutively active, PAN5 (PYNOD, NALP10, NOD8, CLR11.1), the only PAN-family protein that lacks LRRs, associates with ASC and displays a constitutively active phenotype [93] Fig.  (1) . However, this protein does not activate downstream effectors, but rather functions as an inhibitor of the PYD signal transduction pathway. Association with ASC blocks activation of NF-B and caspase-1 by cryopyrin, reminiscent of pyrin, suggesting that PAN5 competes with cryopyrin and perhaps other PAN-family proteins for binding to the adaptor ASC. Pyrin has a different domain organization than PANfamily proteins, but the observation that PAN5 blocks PYD signaling, indicates that not all PAN-family proteins are necessarily activators of innate immune effector pathways, and that their balance might ultimately determine activation of downstream effectors. PAN2 was the first identified family member that displays a dominant negative effect, and the PYD of this protein is responsible for inhibiting the kinase activity of the IKK complex and subsequent activation of NF-B [89] . Also cryopyrin and PAN1 block activation of NF-B, while PAN7 blocks activation of caspase-1 [90] [91] [92] .
One likely explanation for this effect could be that these proteins block activation of downstream effectors, unless they are activated by their respective ligands. Ligand recognition might convert these proteins from inhibitors to activators. However, PAN5 is expected to retain the inhibitory function, because of the lack of LRRs that could sense PAMPs. Further support for this theory is provided by the indication that enforced expression of PAN-family proteins together with ASC triggers activation of downstream effectors, even in the absence of a ligand, indicating the potential of these proteins to activate pathways. Cryopyrin and PAN1 collaborate with ASC to activate pro-caspase-1, however, only cryopyrin, but not PAN1 mediates NF-B activation in collaboration with ASC, suggesting the existence of addi- Fig. (3) . A proposed model for the activation of PAN proteins. PAN proteins probably exist as inactive proteins. This status is most likely mediated by the LRR domain, which presumably blocks access to the NACHT domain. This conformation might resemble APAF-1 and R proteins. The effector domain (PYRIN domain) is tightly packed against the NACHT domain, and is therefore inaccessible for binding partners. Ligand binding could release inhibition by the LRR domain, and results in unfolding of these domains. A requirement for NTP binding and hydrolysis is anticipated, but has not been demonstrated. Once unfolded, the PYRIN domain is able to recruit adapter proteins, such as ASC. Activation of downstream effectors is initiated by the recruitment of ASC-linked effectors, as described for the R-gene product Rx of Solanaceae [47, 170] . However, an alternative mechanism could be the oligomerization of PAN-family proteins, which may activate effectors by the enhanced dimerization mechanism, as described for APAF-1 [169] .
tional regulatory mechanisms, and that sole recruitment of ASC might not be sufficient for effector activation [86, 88, 90, 97] . PAN2, as well as other PAN-family proteins that do not recruit the adaptor ASC, have not been demonstrated to activate downstream signal transduction pathways. However, ASC recruitment could depend upon activation of the PANfamily protein by their respective ligand. The important question, whether there exist additional proteins that can function as an adaptor for PAN-family proteins, is still not solved. Alternative adaptors could link to known pathways, or could potentially connect activation of PAN-family proteins to novel effectors. So far, the inability of at least PAN2, PAN7, and PAN10 to recruit ASC have been reported, but not all PAN-family proteins have been tested [89, 175] . Therefore, at least these PAN-family proteins can be expected to require another signaling adaptor, reminiscent on the different adaptors that are recruited to TLRs and R proteins [176] [177] [178] . In R proteins, the recruited adaptor protein is dependent on the effector domain, such as coiled coil or TIR (Toll/interleukin-1 receptor domain), and TLRs recruit at least five adaptor proteins that all depend on the TIR [176] . Grim-19 has been recently identified as an adaptor that can be recruited to Nod2, in addition to Cardiak, suggesting that also CARD containing Nod proteins utilize different adaptor proteins to transmit signals [179] . Also, the possibility of structural aspects regulating PYD-PYD interactions and their relevance in ASC recruitment will be discussed below. There is no other gene encoded in the human genome having a structure comparable to ASC. The only other gene with a PYD-CARD combination is NAC, but this protein appears to function as a PAN-family protein, and not Numerous proteins associate with ASC and are listed in this table. The method employed to detect this interaction is noted in column 3, as is the domain that was identified to mediate this interaction, and the resulting cellular response. co-immunoprecipitation assay (IP); in vitro pull-down assay (PD); yeast/mammalian two hybrid assay (2H); co-localization assay (L); ( increase; decrease; both is reported).
as an adaptor protein [9] . These observations support a complex regulation of PYD-containing proteins and recruitment of ASC does not necessarily automatically determine activation of all known downstream effector pathways.
Silencing of PYRIN Domain-Containing Proteins in Cancer
ASC was originally identified as a gene silenced by promoter methylation in breast cancers [27] . Subsequently, silencing of ASC was also identified in lung-, ovarian-, hepatocellular-, and colorectal cancers, melanomas, and glioblastomas, suggesting ASC gene silencing as a common mechanism of carcinomas [27, 129, [180] [181] [182] [183] [184] . Significantly, one report exists that states a decrease in ASC expression correlates with the progression from astrocytic astrocytoma (stage III) to glioblastoma (stage IV) [181] . Silencing of tumor suppressor genes by methylation is a frequent mechanism of cancer cells to escape growth control and apoptosis. Also the promoter of cPOP1 was found to be methylated in hepatocellular carcinomas, and cPOP1 expression was demonstrated to have growth suppressive and pro-apoptotic effects [129] . This observation strongly suggests that the PYD of ASC might be the domain responsible for ASC silencing in carcinomas.
ASC and cPOP1 might be silenced to prevent their effects on signal transduction pathways, and both have been implicated to promote apoptosis [26, 27, 129] . Because ASC is important for DNA damage-induced apoptosis, loss of its expression might also affect efficiency of anti-tumor therapy. However, both are also capable of blocking the kinase activity of IKK complex-associated kinases to activate NF-B [28, 88] . This might contribute to the observation that tumor cells frequently display high and constitutive NF-B activity, which promotes proliferation, invasiveness and inhibition of apoptosis [185] .
HIN-200 proteins are also linked to cancer, because chromosomal instability in their genomic loci is tightly linked to tumorigenesis, and these proteins are involved in regulation of cell growth and differentiation [39] . AIM2 is silenced by promoter methylation in response to immortalization of fibroblasts, whereas IFIX and IFI16 expression is lost in most breast cancers, and restored expression reduces tumorigenesis [42, 138, 186] . MNDA silencing correlates with the progression of metastatic prostate cancer [187] . The growth retarding potential of the HIN-200 domains appear to be related to their interaction with multiple transcription factors and their association with p53 and Rb [39] .
STRUCTURE OF THE PYRIN DOMAIN The Death Domain Fold
DDFs are usually characterized by an antiparallel arrangement of six--helical bundles with Greek-key topology and internal pseudo-twofold symmetry, but the length of the helices, the angles between individual helices, and the length of the linker region vary between subfamilies [188] [189] [190] . The X-ray crystallography structure of two DDF complexes, the CARD-CARD complex of APAF-1 and pro-caspase-9 and the DD-DD complex consisting of Pelle and Tube has been solved and is used to predict other DDF associations [191, 192] . Both dimers are based on different modes of interaction. The CARD-CARD interaction is strongly electrostatic, but also involves van der Waals interactions between hydrophobic residues of the core. A 50-degree bend in helix 1 of APAF-1 and pro-caspase-9 separates this helix into two smaller helices H1a and H1b. The strong dipolar surface charge is critical for this interaction. Helices 2 and 3 of APAF-1 contain several negatively charged residues that form a convex surface, which is recognized by the concave surface formed by helices 1a/b and 4 of pro-caspase-9 [191, 193] . This interaction is referred to as type 1, as opposed to the type 2 association observed for the DD-DD interaction of Pelle and Tube [194] . These DDs do not display the dipolar surface and association is mediated by a combination of charged, polar, and hydrophobic interactions involving two contact sites. Helix 4 of Pelle interacts with a groove formed by helices 1, 2, and 6, and the C-terminus of the DD of Tube binds to a groove of Pelle formed by helices 2, 3 and 4, 5 [192] . The DED of FADD on the other hand, is proposed to mediate interaction mainly via a hydrophobic interface [195] . Based on this model, other DDF complexes have been generated by homology modeling, including pro-caspase-2 and RAIDD and pro-caspase-1, Iceberg, and Rip2, which occur by electrostatic interaction between the dipolar surfaces [34, 196] .
Although experimental proof exists only for DDF dimers, computer modeling predicted a possible trimeric complex. This type 3 interface was identified by superpositioning the APAF-1/pro-caspase-9 type 1 and the Pelle/Tube type 2 complexes [194] . This trimeric arrangement is also supported by mutagenesis data derived from Fas/FADD and TNFR/TRADD DD interactions [197] [198] [199] [200] . Modeling NMR data available for the DD of Fas and FADD, predicted all three possible associations that would assemble a heterotrimeric complex, which was further predicted to result in the formation of a higher-order hexameric DISC complex [201, 202] . The formation of so called death filaments, resulting from over-expression of DEDs, is thought to occur by favored oligomerization via type 1 or type 2 interfaces, resulting in an extended homo oligomer, rather than a hetero oligomeric globular structure derived from a type 3 interface [194, 203] .
The PYRIN Domain Fold
The NMR structure of two PYDs has been determined recently, and the backbone NMR assignment has been reported for another PYD [204] [205] [206] . All structures revealed close similarity to other DDFs, as predicted previously [14] [15] [16] [17] [18] Fig. (4A) . The PYD of ASC displays a rather short helix 3 preceded by an unusually long loop region, and also the NMR assignment of cPOP1 predicts a similar fold [206] . Most surprisingly, the solved structure of the PYD of NALP1 suggests that helix 3 is not structured, but contains instead an unstructured, flexible loop [204] . The co-crystal structure for a PYD-PYD interaction has still not been obtained, which would be required to determine the heterodimeric structures of PYD complexes to identify the exact mode of oligomerization. The strong dipole present in the PYD has been predicted to form type 1 interactions [207] Fig. (4B) . Acidic residues in helices 1 and 2 of NALP1 form a convex surface that can be predicted to fit onto the con-cave, basic surface of ASC, which is formed by helices 2 and 3 Fig. (4B) . However, since helix 3 is critically involved in a type 1 interaction, simple homology modeling, based on other DDFs, might not be possible.
Structural Implications for PYRIN Domain-Mediated Signal Transduction
The solved PYD structures provided valuable mechanistic explanations for the biological relevance of helix 3. A structured helix 3 is ultimately required for the known type 1 and type 2 interactions, and the observation of an unstructured or partially structured, but short region corresponding to helix 3, is highly significant. Unstructured regions in globular proteins are often involved in a conformational switch, and it could be speculated that local folding and unfolding of this region might regulate PYD-PYD interactions. Initial contact at other sites could induce structuring of helix 3, which might then be required for high-affinity interactions. Another possibility is that phosphorylation of specific residues in the PYD could be a mechanism to increase the helical propensity in this region, resulting in structuring of helix 3 and induction of specific PYD interactions, and could represent a mechanism to fine-tune these interactions and subsequently modulate signaling [28] . Furthermore, a potential type 3 interaction, where dimer formation could induce helix 3 intrinsic helical propensity, could result in a trimeric complex. One explanation might come from studies of the DD of Fas [208] . The V238N mutation of Fas, which is linked to the autoimmune lymphoproliferative syndrome type IA (ALPS), results in destabilization and local unfolding of helix 3, which impairs the Fas-FADD interaction and DISC formation [208] . Disruption of the van der Waalsmediated interaction between V238 of the hydrophobic core and hydrophobic residues of helix 3, lowers the already low intrinsic helical propensity in this region. This finding is significant in light of the observation that the common FMF mutation in the PYD of pyrin, R42W, localizes to the unstructured loop region corresponding to helix 3, next to a conserved basic surface patch [204] Fig. (5) . It is therefore Fig. (4) . Structure of the PYRIN domain. (A) Schematic ribbon drawing of the average structure of the PYRIN domains of ASC (PDB 1UCP) [205] , and NAC (PDB 1PN5) [204] . As comparison, structures of the CARD domain of APAF-1 (PDP 1C15) [193] , the death domain of FADD (PDB 1FAD) [210] , and the death effector domain of FADD (PDB 1A1Z) [195] are included. The lower panel represents a 90-degree rotation about the horizontal axis. Helix 1 is colored dark blue, helix 2 in light blue, helix 3 in cyan, helix 4 in yellow, helix 5 in orange and helix 6 in red. Note that also helix 3 in NAC is replaced by a flexible loop, and also helix 3 in ASC is rather short and contains some unstructured regions. (B) Representation of the solvent-accessible surface of the PYRIN domain of human ASC (left) [205] and human NAC (right) [204] . The electrostatic potential is colored in red (negative) and blue (positive), and the amino acid residues are indicated. The orientation of the -helices is depicted below in a ribbon representation. Note, that the positively charged surface of ASC could potentially fit the negatively charged surface of NAC by charge and shape. Figures were produced using the published PDP codes with the program Swiss-PDB Viewer.
conceivable that W42 increases the intrinsic helical propensity sufficiently to induce local folding of helix 3, subsequently allowing association with other PYDs [209] .
CONCLUSIONS AND FUTURE PERSPECTIVES
The recent demonstration that PAN proteins function as PRRs, thus complementing the TLR and Nod system is an exciting development which will increase our understanding of innate immune regulation and host defense. ASC is the central adaptor protein that is recruited to several PANfamily proteins to form the inflammasome to activate immune effectors, a step that is not well understood. More studies will be required to address some of the many remaining questions, such as, how inflammasome assembly is regulated, the exact mechanism of PYD-PYD interactions, or whether there exist other signaling adaptors for PAN-family proteins, similar to the TLR system. Most of the PAN-family proteins are still orphan receptors, and it can be expected that mutations could also be identified in other family members that could link to inflammatory and immune disorders. One of the big surprises has been the identification that mutations in different PYD-containing proteins affect the function of a single downstream effector, namely pro-caspase-1, which provided a molecular mechanism for periodic fever syndromes and treatment option for affected patients. Overall, in spite of the tremendous progress over the last years to decipher PYD-mediated signaling events, there remain many unanswered questions needed to sufficiently understand the physiological significance and complexity of PYDcontaining proteins.
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